ABSTRACT: Antibodies are used extensively for a wide range of basic research and clinical applications. While an abundant and diverse collection of antibodies to protein antigens have been developed, good monoclonal antibodies to carbohydrates are much less common. Moreover, it can be difficult to determine if a particular antibody has the appropriate specificity, which antibody is best suited for a given application, and where to obtain that antibody. Herein, we provide an overview of the current state of the field, discuss challenges for selecting and using antiglycan antibodies, and summarize deficiencies in the existing repertoire of antiglycan antibodies. This perspective was enabled by collecting information from publications, databases, and commercial entities and assembling it into a single database, referred to as the Database of Anti-Glycan Reagents (DAGR). DAGR is a publicly available, comprehensive resource for anticarbohydrate antibodies, their applications, availability, and quality. M onoclonal antibodies have transformed biomedical research and clinical care. In basic research, these proteins are used widely for a myriad of applications, such as monitoring/detecting expression of biomolecules in tissue samples, activating or antagonizing various biological pathways, and purifying antigens. To illustrate the magnitude and importance of the antibody reagent market, one commercial supplier sells over 50 000 unique monoclonal antibody clones. In a clinical setting, antibodies are used frequently as therapeutic agents and for diagnostic applications. As a result, monoclonal antibodies are a multibillion dollar industry, with antibody therapeutics estimated at greater than $40 billion annually, diagnostics at roughly $8 billion annually, and antibody reagents at $2 billion annually as of 2012.
M onoclonal antibodies have transformed biomedical research and clinical care. In basic research, these proteins are used widely for a myriad of applications, such as monitoring/detecting expression of biomolecules in tissue samples, activating or antagonizing various biological pathways, and purifying antigens. To illustrate the magnitude and importance of the antibody reagent market, one commercial supplier sells over 50 000 unique monoclonal antibody clones. In a clinical setting, antibodies are used frequently as therapeutic agents and for diagnostic applications. As a result, monoclonal antibodies are a multibillion dollar industry, with antibody therapeutics estimated at greater than $40 billion annually, diagnostics at roughly $8 billion annually, and antibody reagents at $2 billion annually as of 2012. 1 Carbohydrates are one of the major classes of biomolecules found in living organisms, and antibodies to carbohydrates are useful for many applications. Carbohydrates are critical for numerous biological processes such as cell−cell adhesion, protein folding, protein trafficking, and cell signaling. Moreover, aberrant glycosylation can contribute to a variety of disease states such as cancer and congenital disorders of glycosylation. Antibodies are critical for locating and monitoring expression of carbohydrates and defining their biological roles (Figure 1 ). Carbohydrates are also valuable targets for diagnostics and therapeutics. Unfortunately, the development and availability of carbohydrate binding monoclonal antibodies lag severely behind that of antiprotein/peptide monoclonal antibodies, in terms of both quantity and quality. In fact, a recent report by the National Academy of Sciences on the current state of glycoscience cited the lack of glycan-specific antibodies as a key barrier for advancing the field.
2 Even with the antibodies that are available, it can be difficult to determine if a particular antibody has the appropriate specificity, which antibody is best suited for a given application, and where to obtain that antibody. Although the shortage of antiglycan antibodies and lack of information are generally appreciated by specialists, the true extent of the problem and the needs of the field are unclear.
This perspective will provide an overview of the current state of the field of monoclonal antibodies to carbohydrates as well as offer perspective on the immediate and long-term needs. This effort was motivated by the development of a database of carbohydrate-binding reagents, referred to as the Database for Anti-Glycan Reagents (DAGR). The database contains information collected from publications, commercial entities, and other existing databases. It is publicly accessible (https:// ccr2.cancer.gov/resources/Cbl/Tools/Antibody/), searchable, and provides opportunities for the community to add information. We anticipate it will become a useful resource for specialists and nonspecialists alike.
■ CARBOHYDRATES IN NATURE
Carbohydrates are composed of monosaccharide residues connected together via glycosidic linkages to produce oligosaccharides and polysaccharides. Although the full repertoire of carbohydrate structures in nature is unknown, substantial diversity exists. 3 Monosaccharide building blocks have multiple hydroxyls that can serve as attachment sites, and the glycosidic bond between residues can have either alpha or beta stereochemistry, leading to a wide variety of potential connectivities between two monosaccharide residues. Moreover, individual monosaccharide units can be glycosylated at multiple positions at the same time, leading to branching of the carbohydrate chain. Glycans can be further diversified via postglycosylational modifications such as sulfation, phosphorylation, and acylation. 4 Finally, glycans in nature are often attached to other biomacromolecules such as proteins to produce glycoproteins and lipids to produce glycolipids. 5, 6 The carrier molecule of a particular glycan can influence biological activity and recognition.
7−9 Some of the common mammalian glycan biosynthetic families are shown in Figure 2 .
Many carbohydrates are large and heterogeneous, containing a variety of subdomains within the full glycan molecule. A particular biological activity or recognition motif frequently resides within a specific subdomain of a carbohydrate, and the portion of a glycan that forms the binding region is referred to as the epitope or glycan determinant. A protein binding pocket can typically accommodate a glycan that is two to six residues long within the longest linear portion. 10−12 The linear portion can have branches stemming from the linear backbone. Therefore, glycan determinants have been described as oligosaccharide domains with a longest linear portion that is two to six residues long. It has been estimated that there are over 7000 unique carbohydrate determinants within the mammalian glycome. 12 The number of glycan determinants in bacteria, fungi, and plants is unknown.
Carbohydrates play many key roles in biology. Glycans on proteins can have a major impact on properties such as bioactivity, folding, trafficking, stability, and half-life. For example, O-GlcNAcylation, the modification of a protein with a single GlcNAc residue on serine or threonine, occurs on hundreds of intracellular proteins and can regulate protein function in a manner similar to phosphorylation. On the cell surface, glycans can modulate the location and residency times of other proteins and can directly mediate cell−cell interactions. For example, L-selectin on the surface of leukocytes interacts with carbohydrates on endothelial cells to mediate rolling and extravasation from the blood vessel into the surrounding tissue during inflammation. Cell surface glycans are also involved in pathogenic processes, such as adhesion of bacteria to mammalian cells and metastasis. While glycans are essential in many ways, the effects and roles of most carbohydrates are not well understood.
Carbohydrates are extremely difficult to study. Many of the techniques commonly used to identify and monitor proteins are not amenable to carbohydrates. The primary challenge is that carbohydrate structure is not genetically encoded. As a result, one cannot selectively knock-in, knock-out, or mutate a particular glycan determinant in a cell or organism without affecting numerous other glycans. Furthermore, one cannot genetically attach tags, such as green fluorescent protein (GFP), to locate and track a particular glycan. The complexity of carbohydrates, both in structure and presentation, coupled with the fact that carbohydrates are not encoded genomically makes the need for well-characterized antibody reagents particularly acute.
■ ANTIBODIES TO CARBOHYDRATES
Antibodies to carbohydrates are essential for basic research (Figure 1 ). Due to the difficulties of direct detection of glycans from complex biological samples, the vast majority of studies rely on antibodies to detect and monitor expression of carbohydrate antigens/determinants using techniques such as immunohistochemical staining, Western blotting, and ELISA. Furthermore, antiglycan antibodies are useful for modulating biological processes mediated by glycans, as agonists/ antagonists, and for purification of glycans/glycoproteins. Additionally, antibodies are useful for discovering carbohydrates relevant to disease states. For example, antibody MBr1 played a key role in the identification of Globo H as a tumor associated carbohydrate antigen. For these applications, access to high-quality, well-characterized antibodies is vital.
Antibodies to carbohydrates have also found usage in clinical applications. For example, anti-GD2 antibodies are currently part of the standard-of-care in the treatment of neuroblastoma, 13−15 with the anti-GD2 antibody Unituxin (ch14.18) being granted FDA approval in March 2015. A number of other antiglycan antibodies are in clinical trials for treating cancer, such as antibodies to GD3, GM2, fucosyl-GM1, and Lewis Y. 16−24 Antiglycan antibodies are also used for diagnostic applications. For example, antibodies that target Sialyl Lewis A (CA19.9) are currently used in detection and monitoring of several cancers. 25−27 ■ CHALLENGES FOR IDENTIFYING ANTIGLYCAN ANTIBODIES Although there are quite a few antiglycan antibodies that have been published and/or are commercially available, finding a high quality antibody for a particular study can be challenging, especially for nonspecialists. First, companies, individual investigators, and organizations may use different clone names for the same antibody, making it difficult to identify the desired antibody. Second, the nomenclature used to describe the carbohydrate antigen/epitope is highly variable. For example, an antibody to the Lewis Y antigen might be described as binding "Lewis Y," "LeY," "Le The term "Sialyl Tn antigen" refers to a structure containing a sialic acid alpha-linked to the 6-position of a GalNAc residue, which is alpha-linked to either a serine or threonine of a polypeptide chain. The sialic acid can be a 5-N-acetylated neuraminic acid (Neu5Ac), a 5-N-glycoylyl neuraminic acid (Neu5Gc), or an O-acetylated variant of Neu5Ac or Neu5Gc. Furthermore, the Sialyl Tn antigen can be found as a single unit or as part of a cluster, wherein there are multiple STn residues in close proximity on a polypeptide chain. Collectively, this produces a family of structures that are all generally referred to as the STn antigen. Taken together, these difficulties highlight the need for a collective database of available options.
Last, some antibodies bind mixed epitopes composed of both carbohydrate and the carrier molecule to which the carbohydrate is attached, such as peptide or lipid portions of glycoproteins and glycolipids. For example, antibody SM3 binds Tn glycopeptides and interacts with both peptide and carbohydrate portions. 28 Antibodies with mixed epitopes are especially difficult to identify and characterize.
■ OVERVIEW OF ANTIGLYCAN ANTIBODIES THAT HAVE BEEN PRODUCED
To evaluate the spectrum of antiglycan monoclonal antibodies, information from existing databases (e.g., GlycoEpitope, Consortium for Functional Glycomics), publications, and commercial suppliers was collected and combined into a single database. This database, referred to as the Database for AntiGlycan Reagents (DAGR), also includes other glycan reagents, such as plant lectins, but this perspective only covers the antibodies. Besides the names and glycan targets of the antibodies, information regarding host species, isotype, and immunogen used to raise the antibody was also collected. Antibodies with mixed epitopes (i.e., antiglycopeptide reagents) and antibodies only suspected of binding carbohydrates were excluded from the DAGR.
All Glycan Binding Antibodies. DAGR currently has 1120 unique monoclonal antibody entries (see Table 1 ). These numbers do not take into account antibody quality/specificity. The majority of antibodies are IgM (∼58%), but a significant number of IgG antibodies (∼40%) have been produced. IgA represent about 1.5% of the antiglycan antibodies. Murine is by far the most common host organism for generating these antibodies, but some human, rat, and rabbit antibodies are also present. For listings in which immunogens were available, antibodies were primarily generated by immunization with natural materials, such as whole cells/cell lysates, tissue/cell preparations, natural glycoproteins, or natural glycolipids/ glycolipid fractions (see Figure 4 ). Some other approaches include immunization with a synthetic antigen, 29 isolation from infected animals, and isolation from human patients.
Overall, coverage of glycan diversity space is quite minimal (see Figure 4 ). Although there are over 1000 antibodies in the database, many of them target the same glycan determinant; as a result, the 1120 antibodies only target 247 different glycan epitopes. Antibodies to most mammalian biosynthetic families are represented, but only a small percentage of determinants in each family have a matching antibody. Of particular note, roughly 70−75% of the ∼7000 determinants in the mammalian glycome are sulfated, 12 but only about 10% of the antibodies in the database recognize a sulfated determinant. Moreover, a large number of these are not well-defined in terms of their epitope, such as antibodies that bind heparan sulfate. Given the abundance of sulfated glycans and the importance of sulfation for biological activity, new antibodies in this area could be particularly valuable.
Commercially Available Antibodies. Approximately onethird (417) of the anticarbohydrate antibodies in our database are currently available from commercial entities. For comparison, one online distributor sells 287 unique monoclonal antibodies to the protein tubulin and 269 unique monoclonal antibodies to CD4. Thus, there are more commercially available monoclonal antibodies to these two proteins than all the commercially available antibodies to carbohydrates combined. Antibody isotype proportions, host organism usage, and immunogen family usage are comparable for commercial antibodies and the full group. As described in more detail below, commercial antibodies cover a much narrower set of glycan families and epitopes.
■ ANTIBODIES TO O-GLYCANS
O-linked glycans (Figure 2a ) are defined as glycans that are attached via an oxygen to a polypeptide chain. The attachment site is frequently the side chain of serine or threonine, but it can also be tyrosine, hydroxylysine, or hydroxyproline. 30−32 The most abundant type of O-linked glycosylation in mammals involves attachment of a GalNAc residue to the side chain of a serine or threonine of a polypeptide chain. The GalNAc residue is typically modified further to produce eight core disaccharide or trisaccharide units, referred to as cores 1−8, which can be extended in a variety of ways to produce a complex assortment of O-glycans. 33 In cancerous tissues, O-glycans are often truncated, resulting in a variety of tumor associated carbohydrate antigens such as the Tn antigen (GalNAcα1-Ser/Thr), STn, (Siaα2−3GalNAcα1-Ser/Thr), and the TF Figure 3 . Structural variations of the sialyl Tn (STn) antigen. An antibody targeting the sialyl Tn (STn) antigen may target one of many structurally similar glycans. For example, the nitrogen on the sialic acid residue can be modified with an acetyl group (Ac) or a glycolyl group (Gc). Additionally, O-acetylated variations can occur at numerous hydroxyl positions. The GalNAc residue can be attached to either serine or threonine. Finally, there may be a single STn residue on a peptide chain or there maybe additional STn residues in close proximity on the peptide chain (clustered STn). All of these structures could be described generally as STn. The "total" row represents the whole database, not a summation of hanging columns.
antigen (Galβ1−3GalNAcα1-Ser/Thr). 34 Other O-linked modifications include O-GlcNAc, O-xylose, O-fucose, Oglucose, and O-mannose. 35−39 Collectively, there are estimated to be around 750 O-glycan determinants. 12 Our database has 77 entries that are defined under the family of antibodies to O-linked carbohydrates, 16 of which are commercially available. However, these antibodies target an extremely small set of unique epitopes. Fifty-nine of 77 total antibodies, as well as 14 of the 16 commercially available, target Tn, sialyl Tn, or TF. Though these three glycans are relevant in numerous disease states, antibodies to these glycans are overrepresented.
Many important O-glycan structures lack a corresponding antibody. For example, the majority of the eight core glycans that are connected to serine/threonine via GalNAc do not have a corresponding antibody. This is especially surprising considering previous observations of core 2-type glycan overexpression and core 3 and core 4 glycan suppression on tumors.
40−44 Additionally, there are very few antibodies to other types of O-linked glycans, such as O-fucose, O-xylose, and O-glucose. Furthermore, linkage to serine versus threonine can have a significant effect on conformational preferences and flexibility of the O-glycan, and the attachment site may influence biological activity. Antibodies that discriminate based on the attachment amino acid residue might help to address this question.
■ ANTIBODIES TO N-GLYCANS
The N-linked family (Figure 2b) contains glycans attached to a protein/peptide via a nitrogen atom. N-linked glycans occur predominantly on the nitrogen atom of the asparagine side chain as part of an Asn-X-Ser/Thr-tripeptide; however, glycans attached to arginine via N-glycosidic bonds are known. 45 Nlinked glycans are highly influential post-translational modifications in glycobiology, especially with regard to the structure and function of glycoproteins. N-linked glycans are generally grouped into three families: high mannose, complex, and hybrid (see Figure 2b ). All three are usually composed of a branched pentasaccharide core, [Manα1−6(Manα1−3)Manβ1− 4GlcNAcβ1−4GlcNAcβ1−], referred to as Man3. The high mannose family of glycans has varying numbers of additional mannose residues attached to the terminal Manα1−6 and Manα1−3 residues of Man3. Complex N-glycans have additional GlcNAc residues attached to the terminal Manα1− 6 and Manα1−3 residues of Man3. These residues can be modified further with a variety of other glycans, such as LacNAc repeats and sialylation. Hybrid N-glycans have a mixture of mannose and GlcNAc residues, resulting in one or more branches with high mannose type glycans and one or more branches with complex type glycans. Finally, the chitobiose core (4GlcNAcβ1−4GlcNAcβ1−) of N-glycans can be modified by fucosylation. Collectively, there are estimated to be around 2000 N-glycan determinants in the mammalian glycome. 12 Despite their importance in biology, antibodies to N-linked glycans are rare. Our database has only 25 entries that are defined as antibodies to N-linked glycans. Fifteen of these antibodies were obtained by isolation from HIV patients. 46−48 None of these entries are commercially available, but several of them are available through consortia, such as the National Institutes of Health AIDS Reagent program. Along with the low numbers of antibodies, specificity is also an issue. Most of these antibodies recognize families of structurally related glycans rather than a single distinct N-glycan. For example, a number of these antibodies recognize multiple high mannose glycans, including Man7, Man8, and Man9.
The lack of antibodies to N-linked glycans and the specificity problems are not entirely surprising. N-glycans are naturally present in standard host species used to produce antibodies. Thus, they have very low immunogenicity. Moreover, many Nlinked glycans are highly homologous in structure, making selective recognition a challenging problem. Given the dearth of antibodies to N-glycans and their fundamental importance in biology, development of new and better antibodies to these glycans would be very useful.
■ ANTIBODIES TO GLYCOLIPIDS (INCLUDING GLYCOSPHINGOLIPIDS)
Glycolipids (Figure 2c ) are composed of carbohydrates that are glycosidically linked to a ceramide tail that is buried within the lipid membrane of the cell. Glycolipids are found ubiquitously throughout mammalian and nonmammalian systems and are involved in many biological processes, such as cell−cell interactions. 49, 50 The glycan core structure is predominantly a disaccharide with the sequence Galβ1−4Glcβ−. From this core, significant structural diversity is generated by variations in glycosidic linkages, saccharide composition, and branching. There are estimated to be approximately 500 glycolipids in the mammalian glycome. 12 Antibodies to glycolipids are one of the more abundant and readily accessible families of antiglycan antibodies. The DAGR lists 259 antibodies directed against the glycan determinants of glycolipids, representing nearly 27% of listings. These antibodies target 80 unique glycan epitopes, a substantially greater number than any other glycan family. Antibodies to GD1b (19 entries), GD2 (20 entries), and GD3 (24 entries) are especially popular given the significance of these glycans in disease states, such as neuroblastoma and melanoma. Antibodies to GM1 and its variants, such as asialo-or fucosyl-GM1, are also well represented (28 combined entries). Of the 259 antibodies, 47 are commercially available targeting about 30 unique epitopes.
While there are good antibodies to glycolipids, there is considerable room for new additions in this area. First, antibodies to glycolipids often bind families of related structures, rather than a single distinct glycolipid structure. Therefore, antibodies with improved selectivity could be useful. Second, most glycolipids do not have a corresponding antibody. Of particular scarcity are antibodies that target unique sialic acid variants of glycolipids such as 5-or 9-Gc modified neuraminic acid, O-acetylated variants of sialic acids, and variants that contain 2-keto-3-deoxynonic acid (KDN) rather than neuraminic acid. Given their significance in disease states and fundamental biological processes, 51 ,52 development of new antibodies to glycolipids will continue to be a high priority for the foreseeable future.
■ ANTIBODIES TO LEWIS AND BLOOD GROUP ANTIGENS
Lewis and blood group antigens are a family of glycan determinants that are often found at the terminal, outermost end of a glycan chain (see Figure 2d ). These capping motifs can be found on N-linked glycans, O-linked glycans, and glycolipids.
Lewis Antigens. The Lewis antigens are a carbohydrate blood group system found on the surface of red blood cells, cells of epithelial origin, and some secreted glycoproteins. 53 Lewis antigens are involved in various biological processes and have altered expression in several disease states, such as cancer. 54, 55 The biosynthetic precursor for type 1 Lewis antigens is the type 1 chain or Lewis C (LeC; Galβ1− 3GlcNAcβ). The addition of fucose residues and/or sialic acid (see Figure 2d) can produce Lewis A (LeA), Lewis B (LeB), and sialyl Lewis A (SLeA). The biosynthetic precursor for type 2 Lewis antigens is the type 2 chain, LacNAc (Galβ1− 4GlcNAcβ). The addition of fucose residues and/or sialic acid can produce Lewis X (LeX), Lewis Y (LeY), and sialyl Lewis X (SLeA). Lewis antigens can also be sulfated.
There are currently 197 antibodies to Lewis antigens in our database, 69 of which are commercially available. However, these antibodies target less than 30 unique epitopes. For some Lewis antigens, there are ample antibodies for the same target; this includes Lewis A (19 entries), Lewis B (8 entries), Lewis X (42 entries), and Lewis Y (22 entries). Another 15 antibodies bind to a combination of these antigens. Antibodies to certain sialylated and sulfated Lewis antigens are also available in abundance, with 30 antibodies to sialyl-Lewis A, eight antibodies to sialyl-Lewis X, five antibodies to sulfo sialylLewis X, and three antibodies to sialyl-Lewis C; an additional five antibodies bind a combination of sialyl-Lewis A and sialylLewis C.
ABH Blood Group Antigens. The ABH blood group antigens are the glycans that define ABO blood types in humans. They are found on the surface of a variety of cell types and on secreted glycoproteins, but they are most well-known for their abundant expression on red blood cells. The precursor carbohydrate in this group is blood group H (BG-H; Fucα1− 2Gal). Individuals of blood type A have an α1,3N-acetylgalactosaminyltransferase that will attach a GalNAc residue to the 3 position of Gal to produce the blood group A antigen [BG-A; GalNAcα1−3(Fucα1−2)Gal]. Individuals of blood type B express an α1,3galactosyltransferase that will attach a Gal residue to the 3 position of Gal to produce the blood group B antigen [BG-B; Galα1−3(Fucα1−2)Gal]. Type AB individuals express both transferases and can produce both BG-A and BG-B. As discussed in more detail later, BG-A, BG-B, and BG-H can be attached to a variety of glycan carrier chains.
Antibodies to ABH blood group antigens are indispensable tools in clinical, diagnostic, and basic research applications. For example, antibodies to BG-A and BG-B are used frequently for blood typing. As a result, blood group antibodies are some of the most accessible and well-characterized antiglycan antibodies produced to date. Currently, there are 155 antibodies to blood group antigens in the database; 77 of these antibodies are commercially available. To illustrate the abundance of ABH antibodies, there are 72 antibodies to BG-A, and 29 of these are commercially available. Thus, there are more antibodies to BG-A in the database than to N-linked glycans and glycosaminoglycans combined.
■ ANTIBODIES TO GLYCOSAMINOGLYCANS
The glycosaminoglycan family of carbohydrates (Figure 2e) is comprised of long, unbranched polysaccharides that possess repeating disaccharide subunits. A large degree of heterogeneity is introduced into these repeats through variations in sulfation patterns and uronic acid epimerization. 56 These structures are categorized into four groups based on disaccharide repeats: heparin/heparan sulfate, chondroitin/dermatan sulfate, keratan sulfate, and hyaluronan. Heparan sulfate is important in numerous physiological functions including blood coagulation processes, inflammatory processes, cell growth and differentiation, and cell−cell interactions. 57, 58 Chondroitin and keratan sulfates are typically isolated from cartilage and have been shown to interact with some glycosaminoglycan binding proteins. 59−63 Hyaluronan is a nonsulfated, extracellular matrix glycosaminoglycan that interacts with several matrix and cell surface hyaluronan binding proteins. 64, 65 It is estimated that nearly half of the mammalian glycan determinants are glycosaminoglycans. 12 Despite the importance of glycosaminoglycans in numerous signaling pathways, antibodies to these structures are underrepresented in both developed and commercially available entities. Antibodies to glycosaminoglycans represent less than 4% of the DAGR database, covering a tiny fraction of glycosaminoglycan determinants. Along with low availability, selectivity is also a serious concern. Nearly all antibodies to glycosaminoglycans in the database are defined broadly, such as antiheparan sulfate or antichondroitin sulfate. The exact glycan sequences recognized by these antibodies are typically not known. This lack of information is a major concern, given that there are numerous structural possibilities. For example, there are 64 structures that could be described as a keratan sulfatepentasaccharide, nearly 1000 structures described as a chondroitin sulfate-pentasaccharide, and over 2900 structures described as a heparan sulfate-pentasaccharide.
One key difficulty in developing quality antibodies to glycosaminoglycans is limited access to pure, structurally defined oligosaccharides for antibody generation and characterization. Isolation from natural sources is extremely challenging. Chemical or chemoenzymatic syntheses of defined oligosaccharides are improving 66−70 but are still generally slow and costly. Regardless, glycosaminoglycans have considerable importance in physiology and new antibodies to defined structures would be extremely useful for unraveling the glycosaminoglycan interactome.
■ ANTIBODIES TO NONMAMMALIAN GLYCANS
Beyond the mammalian biosynthetic families, there are numerous other types of glycans including bacterial, fungal, algal, and plant glycans. For example, bacteria produce a variety of polysaccharides, such as peptidoglycan, lipopolysaccharides, capsules, and exopolysaccharides. Plants also produce an assortment of polysaccharides, including cellulose, hemicelluloses, pectins, β-glucans, gums, and starches. There are approximately 200 antibodies that target nonhuman glycan determinants. The vast majority of these recognize plant glycans. There are approximately 170 antibodies in this group that are available through commercial sources or other organizations. In particular, over 150 of these antibodies are available through CarboSource, a DOE sponsored resource for plant science reagents. Though quite useful, the exact recognition sequences for most of these antibodies are not well-defined. Beyond antibodies to plant glycans, there are very few antibodies to glycans from other nonmammalian organisms, such as bacteria, fungi, and algae. Thus, there are countless opportunities for the development of new antibodies in this area.
■ CHALLENGES FOR SELECTING AN ANTIGLYCAN ANTIBODY
Once a researcher has located one or more antibodies to their target of interest, the next step is determining which, if any, antibody is suitable for their experiment. Antibody performance and quality are critical when selecting an appropriate antibody for a given application and interpreting results. Besides general factors such as appropriate host animal and isotype, specificity is a fundamental consideration. Assessing the specificity of an antiglycan antibody presents unique challenges, especially for nonspecialists. Information may be lacking, hard to find, or difficult to interpret. Additionally, different suppliers of the same antibody may have different perceptions and information regarding the applicability of an antibody toward a particular experimental protocol. Below, several key considerations are discussed in more detail.
Multivalent Binding. Multivalent complex formation (Figure 5a ) is imperative for many carbohydrate-binding antibodies. 71, 72 Interactions between a single binding site and a single glycan determinant (Figure 5b ) are usually weak, with equilibrium dissociation constants (K D ) in the micromolar to low millimolar range. To achieve tight binding, antibodies engage two or more of their binding sites with two or more glycan determinants to form a multivalent complex. Multivalent binding interactions can have much higher functional affinity (avidity) and enhanced or even altered specificity relative to the monovalent binding interaction. 73, 74 To form a multivalent complex, the spacing and orientation of the glycans must be matched with the spacing and orientation of the binding sites (Figure 5c,d) . The requirement for appropriate geometry imposes additional restrictions on binding, a factor that must be considered when evaluating specificity. Antibodies can bind a glycan presented in certain contexts but not others. For example, some monoclonal antibodies will bind glycans at both high and low density equally well, while other antibodies will only bind high density glycans. 75 Thus, depending on the presentation, an antibody that binds a particular glycan may not always bind that glycan.
Methods to Evaluate Specificity. There are a variety of techniques used for evaluating specificity. One approach is to evaluate binding to panels of cells and/or glycoproteins. For example, recognition of ABH blood group antigens is often evaluated by comparing binding of red blood cells from type A, type B, and/or type O donors. As another example, specificity for sialyl Tn or Tn has often been studied using natural glycoproteins with well-defined glycan composition, such as ovine submaxillary mucin and its desialylated counterpart, asialo-ovine submaxillary mucin. The advantage of this approach is that it investigates recognition of glycans in a natural context. In most cases, however, suitable panels of cells and glycoproteins are not available.
A complementary strategy involves evaluating binding with structurally defined, homogeneous glycans. One common approach is monosaccharide/oligosaccharide inhibition studies. While relatively easy to implement, many inhibition studies use soluble monovalent ligands, which may not provide information that is relevant for multivalent binding events. A second approach is to assess binding to a multivalent surface using techniques such as ELISA, SPR, and glycan microarrays. Of these methods, glycan microarrays, offer the highest throughput. 76 They are composed of numerous glycan determinants, or fragments of determinants, immobilized in a spatially defined arrangement. Binding to all the carbohydrates can be assessed in parallel while using miniscule amounts of each carbohydrate. When using multivalent surfaces, features of presentation such as glycan density, linker length and flexibility, and glycan accessibility can have a significant effect on recognition.
Antibody Specificity. In general, information about specificity is still fairly limited for antiglycan antibodies. Many of the antibodies that are reported to be specific for a single glycan determinant can bind other glycans. For example, in a study of 27 commercially available antiglycan antibodies, about half of them bound at least one determinant other than the listed glycan. 77 With the growing use of glycan microarrays for routine profiling of antibodies, information about specificity, especially at the molecular level, is improving significantly. To facilitate evaluation of specificity, DAGR includes references to papers that analyze specificity of monoclonal antibodies and web links to glycan array data. As researchers learn more about antibody recognition, it is becoming apparent that traditional descriptions of specificity are usually incomplete. Many of the carbohydrate sequences/ structures that are well-known in the literature and referred to as "antigens" or "determinants" are motifs that describe only part of the full determinant. The blood group A antigen is a prime example. BG-A is defined as a trisaccharide with the sequence GalNAcα1−3(Fucα1−2)Galβ. It can be attached to the nonreducing end of a carbohydrate chain in six different ways to produce six different BG-A tetrasacharides (e.g., BG-A1 through BG-A6). The type of attachment can have a substantial impact on recognition by antibodies. For example, some BG-A antibodies will bind BG-A2 [GalNAcα1−3(Fucα1−2)Galβ1− 4GlcNAcβ−] but not BG-A3 [GalNAcα1−3(Fucα1−2)-Galβ1−3GalNAcα1−]. 75, 77, 78 Thus, defining antibodies as BG-A binders does not fully designate target specificity. Moreover, type 1−6 only refers to the primary attachment residue. The full glycan determinant may extend beyond the initial attachment site. For example, within the proposed list of determinants in the mammalian glycome, ∼150 different determinants carry the BG-A trisaccharide as the nonreducing terminal trisaccharide. While ABH antibodies are some of the best characterized antibodies in the field, these antibodies have only been tested with a small fraction of the glycan determinants that carry the target sequences/motif. Therefore, more comprehensive analyses of specificity are needed, even for the most extensively studied antiglycan antibodies.
■ DATABASE FOR ANTI-GLYCAN REAGENTS (DAGR)
The Database for Anti-Glycan Reagents is designed as a comprehensive resource for specialists and nonspecialist of glycobiology ( Figure 6 ). Within the database, we attempted to provide as much information as possible, including host, immunogen, isotype, biochemical applications, and commercial availability. Citations to key references regarding development and use of the antibodies are also incorporated. The DAGR database was designed with the user in mind and the understanding that carbohydrate nomenclature can be very confusing. As such, we have attempted to be as accommodating as possible with the Website search algorithms. We have included different common names and abbreviations for a given epitope or determinant to account for the variations in nomenclature usage. Individuals also have the opportunity to search based on commercial availability. Finally, where possible, glycan array data have been listed with antibodies. Currently, about 20% of the antibodies have a link or reference to glycan array data.
Although the current database has considerable content, new antibodies are continually produced, and some previously produced antibodies are likely to have been inadvertently missed. To enable expansion and improvement of the database, researchers can submit new antibody reagents and new information for existing antibodies to the database through the Website. Additional citations and general comments/advice can also be submitted.
■ CONCLUDING REMARKS
Glycobiology is a challenging field for experts and a daunting one for nonspecialists. Access to high quality antibodies is essential for advancing the field and exploiting the potential of glycans as therapeutic and diagnostic targets. In addition, improved access to antibodies is a crucial step for expanding the number of researchers willing and able to study glycobiology. Our hope is that this perspective will provide encouragement for developing new and better antiglycan antibodies. Furthermore, we anticipate that the Database of Anti-Glycan Reagents (DAGR) developed in conjunction with this perspective will enable researchers from any discipline to more readily find antibodies and information about those antibodies. As such, we anticipate that all members of the research community find the DAGR resource beneficial to their current and future research.
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